A method of electroless plating is utilized to deposit Co-Fe alloy on the surface of multi-walled carbon nanotubes (MWCNTs), and electromagnetic parameters of MWCNTs with and without electroless plating are discussed. The MWCNTs covered by Co-Fe is a desirable light absorbent in wide wave band by utilizing electroless plating process in experiments. Field-emission scanning electron microscope (FESEM) and field-emission transmission electron microscope (FETEM) images as well as energy dispersive spectroscopy (EDS) results are presented to show the morphology, components and electromagnetic parameters of MWCNTs. Electromagnetic properties of MWCNTs are enhanced after electroless plating observed from contrast of results between MWCNTs with and without plating. In conclusion, the covering Co-Fe on the surface of MWCNTs in 2-18 GHz frequency range has better electromagnetic properties. When the material is in the 6.5 GHz electromagnetic waves, the reflection loss is up to −10 dB, and the bandwidth more than −4 dB is 5 GHz. The excellent electromagnetic properties make it probable for MWCNTs to be utilized as absorbent in electromagnetic shielding materials.
Introduction1
Carbon nanotube (CNT) is a kind of new carbon nano-material which is widely studied and discussed these years [1] [2] . Because of quasi-one dimension and cylindrical symmetry structure of graphite-web, CNTs possess express mechanical, electrical and optical properties [3] [4] . For instance, the elastic modulus of CNTs is as high as 1 TPa, and specific strength is 10-100 times higher than that of steel in theory [5] . From the experiments which have been done before, it is found that multi-walled carbon nanotubes (MWCNTs) possess outstanding dielectric properties while their magnetic properties do not perform obviously. So it is necessary to enhance their magnetic properties with the method of electroless plating [6] [7] . At present, research on mechanism, craft and other problems of electroless plating has obtained certain achievement [8] [9] [10] [11] [12] [13] . There are also researches about electroless plating on MWCNTs and certain progress has been made [14] [15] [16] . However, many problems still exist and further researches are still in need. The main aim of this article is to improve the magnetic property of MWCNTs via the method of electroless plating. There have been lots of researches on electroless plating with nickel on MWCNTs, because nickel-plating is easier. Z. M. Shen, et al. plated nickel by electroless plating on CNTs, observing the broadening trend of absorption peak [17] . F. Wang, et al. utilized the method of quick cooling by water to dominate the particle size of Ni-P [18] . R. J. Xue, et al. did a research about electroless plating of Ni-Fe-P, but resulted in a non-desired outcome that the metal content was low, and nonuniform was obtained [19] . However, the magnetism of Ni is not as good as that of Co and Fe, so we utilize the method of electroless plating to plate Co and Fe on MWCNTs to enhance its magnetism properties in this article. In order to see if better electromagnetic properties, especially the absorbing property, are obtained after electroless plating, permittivity and magnetic permeability are surveyed and the influencing factors are discussed. The reflection loss calculated from permittivity and magnetic permeability is also taken into account. Finally, the influence of electroless plating on electromagnetic properties is affirmed by these factors.
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Experimental
The MWCNTs with the diameters mainly in the range of 10-30 nm, the length 5-15 μm and the purity above 95% were provided by Shenzhen Nanotech Port Co. Ltd.
The starting MWCNTs were firstly sensitized in certain content SnCl 2 solution dispersed with ultrasonic at 45 °C for 30 min. These sensitized MWCNTs were then activated in 0.006 mol/L PdCl 2 solution dispersed with ultrasonic at 45 °C for 30 min and dried at 110 °C before electroless plating. Ultrasonic agitation utilized in sensitizing and activating process was necessary to produce dispersed and continuous coatings of MWCNTs. The electroless plating of Co-Fe alloy was proceeded in an alkaline solution, containing 0.099 mol/L cobaltous sulfate, 0.011 mol/L ferrous sulfate, 0.31 mol/L NaH 2 PO 2 as reducing agent and 0.32mol/L Na 3 C 6 H 5 O 7 as complexing agent. The pH value of the electroless solution was 9, which was controlled by the addition of ammonia solution. The process was optimized at 60 °C and then iron-cobalt alloy deposited MWCNTs were washed with distilled water and dried at 110 °C. After the process of electroless plating, MWCNTs with a rather dense and continuous Co-Fe alloy layer were obtained.
The resulting MWCNTs after electroless plating were characterized by field-emission scanning electron microscope (FESEM) (S530, Oxford, U.K.), fieldemission transmission electron microscope (FETEM) (JEM-2100F, Japan) and energy dispersive spectroscopy (EDS) (LEO 1530, LEO, Germany). Both permittivity and magnetic permeability mensurated are relative and are numeric values from MWCNTs/paraffin wax composite in which the mass fraction of MWCNTs is 20%. The electromagnetic parameters of MWCNTs with and without electroless plating were illustrated by vector network analyzer (8722ES).
Results and Discussion
FESEM and FETEM images as well as EDS results of MWCNTs after electroless plating are shown in Fig.1 . It can be seen from Fig.1 that a layer of Co-Fe alloy deposits on the surface of MWCNTs and the contents of Co and Fe are fairly high. The effect of electroless plating process in experiment is satisfactory. Then the electromagnetic parameters of MWCNTs with and without electroless plating were studied. Permittivity and magnetic permeability were surveyed in the frequency range of 2-18 GHz and the reflection loss was calculated to study the change of electromagnetic parameters before and after electroless plating.
Electromagnetic parameters for MWCNTs with and without electroless plating are separately shown in Figs.2-4. Fig.2 shows the complex permittivity spectra, Fig.3 the complex permeability spectra and Fig.4 the calculated reflection loss.
Observed from Fig.2(a) , the real permittivity ε′ of MWCNTs with a Co-Fe layer after electroless plating is lower than that without electroless plating. This is because MWCNTs obtain great dielectric properties due to its structural characteristics. The imaginary permittivity ε″ of MWCNTs is also higher than that of MWCNTs with a Co-Fe layer seen from Fig.2(b) , which accounts for that the electrical loss property for MWCNTs is better. In a word, the dielectric properties of MWCNTs without electroless plating are better than those after electroless plating. Observed from Fig.3 , the real magnetic permeability μ′ and the imaginary magnetic permeability μ″ of MWCNTs after electroless plating are both higher than that without plating. So the cladding of Co-Fe is propitious to the magnetic property and magnetic loss property for MWCNTs.
Via the study of permittivity and magnetic permeability of MWCNTs and in comparison with MWCNTs without plating, the permittivity after electroless plating decreases and magnetic permeability increases. This finally leads to the approaching of permittivity and magnetic permeability, as well as the reflection debasement of electromagnetic waves on the surface of the material, which is propitious to the design of absorbing material. The absorbing property can be affirmed by calculating the reflection loss using permittivity and magnetic permeability. Fig.4 shows the calculated reflection loss with and without electroless plating. In the frequency range of 2-18 GHz, the reflection loss of MWCNTs with Co-Fe layer reduces obviously compared with that without electroless plating. When the frequency is 4-9 GHz and the band is as broad as 5 GHz, the reflection loss of MWCNTs with electroless plating is below −4 dB, while that without plating is −3 dB under the same condition. Especially when the frequency is at the point of 6.5 GHz, the reflection loss reaches −10 dB. So MWCNTs plated with Co-Fe have good performances of impedance matching and absorbing.
Conclusions
(1) After electroless plating with Co-Fe, the permittivity of MWCNTs decreases and magnetic permeability of MWCNTs increases.
(2) The absorbing property of MWCNTs in the frequency range of 2-18 GHz enhances obviously after Co-Fe plated observed from the reflection loss calculated from numeric values of permittivity and magnetic permeability.
(3) After electroless plating, electromagnetic properties of MWCNTs enhance and it is possible to utilize MWCNTs as absorbent in electromagnetic shielding materials.
